ABSTRACT
INTRODUCTION
Melanin is a common pigment that is found in bacteria, fungi, plants and animals. In mammals, including human, melanin is mainly located in horn cells of epidermis and hairs for coloring them. This coloring protects these cells from the ultraviolet radiation and internal overheating. Melanin is a derivative of tyrosine and synthesized by a series of enzymes in melanosome, a postGolgi organelle. Tyrosinase (TYR) catalyzes the first two steps of the melanin synthesis pathway, hydroxylation of L-tyrosine to L-3, 4-dihydroxyphenylalanine (L-DOPA, monophenolase or cresolase activity, EC1.14.18.1) and the subsequent oxidation of L-DOPA to dopaquinone (diphenol oxidase or catecholase activity, EC1.10.3.1) (Lerner et al. 1949; Sanchez-Ferrer et al. 1995) .
TYR, a 75Kd protein encoded by gene TYR, is a Type I transmembrane TYR, which contains a signal peptide and a transmembrane motif. The signal peptide mediates the protein go into endoplasmic reticulum through cotranslational pathway and subsequent subcellular localization. The responsibility of the transmembrane motif is to locate the protein on melanosome membrane. Some unsatisfactory evidences indicate that the nascent polypeptide first bind with the heat shock protein Hspa5 (also named as binding immunoglobulin protein, BIP) during the cotranslation of TYR (Costin et al. 2005) . As the nascent chain elongates and additional glycans are transferred, Hspa5 binding rapidly decreases and the lectin-based chaperone system is recruited in its place (Wang et al. 2005) . The lectin chaperone calnexin bind to the nascent chain after the addition of two glycans, and calreticulin association follow upon the addition of a third.
The glycan-specific oxidoreductase ERp57 is cross-linked to TYR when calnexin and calreticulin are associated. This timing coincide with the formation of disulfide bonds within TYR and the cleavage of its signal sequence (Wang et al. 2005) . Finally, the mature TYR is translocated to melanosome to catalyze melanin biosynthesis (Sarangarajan et al. 2001) . TYR plays critical role in melanin synthesis and its dysfunction is linked to many diseases. Firstly, mutations in the TYR encoding gene causes oculocutaneous albinism Type 1 (OCA1), an autosomal recessive disorder characterized by the reduced melanin pigment in the hair, skin and eyes (Dolinska et al. 2014) . Till now, more than 100 types of mutations have been found in OCA1 (Oetting et al. 2003) , most of which are located in lumenal domain and some in transmembrane domain of TYR (Popescu et al. 2005) . These mutants could not be transported to melanosome (Halaban et al. 2000; Toyofuku et al. 2001) . Another infrequent temperature sensitive albinism was caused by missense mutation like R422Q, R402Q (Simeonov et al. 2013) . At 37°C, these mutated TYRs retained in the endoplasmic reticulum and were possibly degraded by proteasomes with no pigment production. In contrast, in pigmented tissues at lower temperatures (32°C), the enzyme was translocated into the endosomes where it produced pigment (Halaban et al. 2000) . Secondly, TYR is also related to malignant melanoma, which accounts for 75% of all deaths associated with skin cancer (Jerant et al. 2000) . The increased melanin in melanoma and many melanoma cell lines are mainly attributed to the over-expression of TYR (Brichard et al. 1993; Bertolotto et al. 1996) . While in amelanotic melanoma cell lines, TYR is normally expressed but fails to reach the melanosome, the organelle for melanin synthesis, because it is retained in the endoplasmic reticulum (ER) and then degrades (Halaban et al. 1997) . Fundamentally, the main threat to melanoma cell and melanocyte is from the imbalance of antioxidant system. TYR can use O 2-that go into the melanocyte to protect the cell from cytotoxic effect of O 2-usually. However, this balance is broken by either deviant expression or translocation of TYR, which ultimately lead to the exposure of the cells to the attack of O 2- (Mastore et al. 2005) . Studies have shown that the incidence of Parkinson disease is positively correlated to melanoma. This might be due to that the dopamine, a molecule, which plays a critical role in pathological mechanism of Parkinson disease, shares some enzymes and substrates with melanin during their synthesis. Therefore, the dysfunction of TYR affects dopamine synthesis directly or indirectly (Tianhong et al. 2011) . Therefore, the precise mechanism transporting TYR is critical for understanding the TYR-related diseases. In view of this, the aim of this study was to verify that if Hspa5 serve as a molecular chaperone of TYR and the interaction mechanism between them.
MATERIAL AND METHODS
Materials, strains and growth conditions ExTaq DNA polymerase, pFL-B31cl vector, Hspa5 cDNA, T4 DNA ligase, restriction endonuclease NdeI and XhoI were purchased from YAHX Biotechnology Limited Company. TYR and L-DOPA were purchased from Sigma-Aldrich. E. coli DH5a and E. coli BL21 (DE3) were purchased from Transgen Biotech and grown in LuriaBertani (LB) broth or on LB agar. When necessary, ampicillin (YAHX Biotechnology Limited Company, Beijing, China) was added at a final concentration of 100 µg/mL.
Cloning, expression, and purification of Hspa5
Gene (NM_005347) encoding human Hspa5 protein was amplified from cDNA. The PCR product was purified, digested and ultimately ligated to the pFL-B31cl vector that was digested with same restriction endonucleases to produce plasmid pFL-B31cl-hspa5. Once the identity was confirmed by sequencing, it was transformed into E. coli BL-21 (DE3) cells for protein expression. The overnight culture was 1:100 diluted, and the cells were induced with 0.6 mM IPTG (isopropyl β-D-thiogalactoside) after reaching an OD 600 of 0.6-0.8 at 23°C. Hspa5 protein was purified by Ni-NTA (Ni 2+ -nitrilotriacetate) resin (Qiagen) affinity chromatography according to the manufacturer's manual.
In vitro protein-protein interaction TYR was denatured in 1.5 M guanidine hydrochloride solution. Then, tyrosinase was diluted with bovine serum albumin (BSA) or Hspa5 protein in Tris-HCl (pH 7.5) buffer and keep for 60 min for renaturation. The concentration of TYR, BSA and Hspa5 were 1.2, 4.8 and 4.8 M, respectively based on the preliminary experiment. Samples were separated by native-PAGE with 4% stacking gel and 10% separation gel, respectively.
Homology modeling and molecular docking
The crystal structure of TYR (4j6u.1.A) from Bacillus megaterium was used as a model and the homology modeling was accomplished by SWISS-MODEL on-line (Marco et al. 2014) . HEX 8.0.0 was used for molecular docking and the models were further analysed by PyMOL.
TYR activity assay TYR activity assay was carried out using L-DOPA as the substrate according to published protocols (Xiao-Hong Huang 2006). In brief, the absorbance at 405 nm was monitored over time at 25°C and the enzyme activity was calculated according to the following formula: α = k / (10 -6 ε × V × 2.5 × 0.1). In which, α, k, ε and V represent the TYR activity, rake ratio of absorbance, molar absorption coefficient of L-DOPA and volume of reaction, respectively.
RESULT Cloning, expression and purification of Hspa5
The cDNA fragment (1895 bp) of Hspa5 was amplified and the product was shown in Fig.S1A . It was cloned into the plasmid pFL-B31cl and the recombinant plasmid was transformed into E. coli BL-21(DE3) strain for protein expression. The identity of the insert and the fidelity of the amplification were confirmed by DNA sequencing. As shown in Figure S1B , the 70 Kd recombinant Hspa5 (C-terminal His-tagged) protein was purified by Ni-NTA resin affinity chromatography according to the manufacturer's manual.
Hspa5 interacts with TYR in vitro
Protein interaction is the prerequisite for a molecular chaperone. Here, native polyacrylamide gel electrophoresis was used to test the interaction between Hspa5 and TYR. As shown in Figure 1 , incubation of TYR with Hspa5 formed a new protein band (right line) that corresponded to tyrosinase-Hspa5 complex according to the molecular weight; the negative control BSA could not band with TYR (Left line). This clearly indicated that Hspa5 interacted with TYR in vitro. 
TYR docks with Hspa5 through intermolecular hydrogen bonds
The three-dimensional structure model of human TYR was constructed by homology modeling, which was further used for molecular docking with Hspa5. The crystal structure of TYR (4j6u.1.A) from B. megaterium shared 29% sequence identity with human TYR and was used as a template and the homology modeling was accomplished by SWISS-MODEL on-line. The produced model covered 67.3% (from R 116 to Q 453 ) of human TYR and this region shared 38% sequence similarity with that in B. megaterium. Subsequently, this model was used for molecular docking with Hspa5 (3LDL) by HEX.8.0.0. Here, 351 interaction models with ETOTAL-400kJ/mol were found, in which the lowest energy was -634.7kJ/mol. These suggested the high potential of interaction between these two proteins. One interaction model is shown in Figures 2 and 3 
Hspa5 protects TYR in different denaturation conditions
To further confirm that Hspa5 served as a molecular chaperone for TYR, the effect of Hspa5 was tested on TYR activity under different denaturation conditions. As show in Figure 4 , TYR activity declined as time extended in buffer containing protein denaturation guanidine hydrochloride. Hspa5, but not BSA, alleviated TYR activity loss in a dose dependent manner. Similarly, Hspa5 could protect TYR activity in dose-dependent manner under a 55°C thermal denaturation condition (Fig. 5) . 
DISCUSSION
TYR is a key enzyme in melanin synthesis, whose dysfunction was linked to many diseases such as oculocutaneous albinism Type 1 (OCA1), melanoma. The main cause of TYR dysfunction is that variegated TYR mutants are trapped in the endoplasmic reticulum instead of transporting into the melanosome, where the melanin is synthetized. Hence, in these conditions, some important proteins must be missing to participate in the TYR transport. These proteins could be important for revealing the mechanism of TYR involved diseases. Based on the results of this study, it seemed that TYR interacted with heat shock protein Hspa5, which was in accordance with the results from coimmunoprecipitation experiment previously done (Wang et al. 2005) . In addition, a threedimensional structure model of TYR was constructed by using B. megaterium TYR (4j6u.1.A), a protein sharing 29% sequence identity with human TYR, as a homology modeling template. The produced model covered 67.3% (from R 116 to Q 453 ) of human TYR. The truncated human TYR model may not absolutely mimic the native protein. However, a bunch of low energy interaction models strongly indicate a potential interaction between Hspa5 and TYR. Lastly, the protection of TYR activity from Hspa5 in different denaturation conditions strengthens the conclusion that Hspa5 could serve as a heat shock protein of TYR. All these results would help to further understand the TYR transportation in the relevant diseases.
CONCLUSION
In this work, heat shock protein Hspa5 was successfully cloned, expressed and purified. The native polyacrylamide gel electrophoresis analysis suggested that it interacted with TYR in vitro. Further, a homology model of human TYR was made based on the crystal structure of the homologous protein from B. megaterium, and protein docking analysis showed that TYR interacted with Hspa5 in a quite low energy state in a virtual model. More importantly, results showed that Hspa5 protected TYR in different denaturation conditions. These results all together indicated that Hspa5 served as a molecular chaperone of TYR, which further showed the relevance of Hspa5 to The Cotranslational Maturation.
